The design and operation of a novel optically accessible high-pressure combustion apparatus is presented. The apparatus provides optical access for the direct observation of the morphology and development of premixed reaction fronts at elevated pressures. A chamber-in-chamber design with an innovative connecting system allows for safe, constant-pressure measurements, alleviating the extreme overpressures encountered in high-pressure combustion processes within closed bombs. Auxiliary design features include gap-adjustable electrodes for spark ignition and ports for jet stirring. As a result, the apparatus is well suited for the study of laminar premixed flames, flame instabilities, turbulent flames, and detonations. Results from the study of centrally ignited hydrogen and methane fuels in oxygen-inert mixtures up to 60 atm initial pressure demonstrate the suitability of the apparatus for high-pressure combustion experiments.
I. INTRODUCTION
Recognizing that combustion processes within internal combustion engines take place in elevated pressure environments, that most fundamental information on the aerothermochemistry of flames have been obtained at substantially lower pressures, and that the chemical reaction mechanisms which govern the various flame processes are inherently nonlinear, which can cause nonmonotonic variations of the combustion responses with pressure, it is necessary to obtain fundamental understanding and useful data on flame propagation, extinction, and stability at pressures that are tens of atmospheres, and hence are representative of those in internal combustion engines. Of particular interest is the determination of the laminar flame speeds, s u 0 , of fuel-air mixtures, which are needed for the modeling of processes within internal combustion engines and also for the development of comprehensive oxidation reaction mechanisms of these fuels that are valid at such high pressures. 1 The counterflow flame technique 2 has recently been extensively used in the determination of s u 0 of a large number of fuels under a variety of conditions including elevated pressures. The maximum pressure attainable, however, has been limited to 6 or 7 atm. The difficulty is that the flow becomes unstable as its Reynolds number increases with increasing pressure. Although this effect can be somewhat mitigated by using nozzles of small diameters, there is a lower limit in the nozzle size because it has to be of a similar magnitude as the nozzle separation distance, which in turn is restricted by the flame thickness and radial dimension so that the flame can still be considered to be planar.
An alternate means of measuring s u 0 is by using the spark-ignited, outwardly propagating flame in an enclosed chamber. In the original approach s u 0 is indirectly determined through the temporal increase of the chamber pressure, 3 assuming that the flame is smooth and spherically symmetric, and the propagation is steady. However, without direct observation of the flame configuration, the validity of these assumptions cannot be scrutinized. Furthermore, flame stretch effects 4 also cannot be accounted for. Groff 5 was the first to measure spherical flame speeds at high pressures ͑up to 5 bar͒ by directly imaging the propagating flame front. The propensity of cell formation over the outwardly propagating flame front was reported. Smith and co-workers [6] [7] [8] and Faeth and co-workers 9-14 have determined s u 0 for various fuel compositions and pressures through systematic subtraction of stretch effects using similar imaging techniques. The values so determined, with different stretch-compensation relations, are in good agreement with each other, as well as with the counterflow experiments. However, these experiments have been limited to pressures lower than about 5 atm; and laminar flames, including those affected by various instabilities, have not been examined in such a sufficiently rigorous manner for conventional gaseous fuels at elevated pressures up to the range of 50 atm.
In view of the above considerations, we have designed and developed an experimental apparatus suitable for the study of high-pressure spherical flame propagation with optical access up to 60 atm. Because of the usefulness and potential versatility of a design of this nature for the study of high-pressure combustion phenomena in general, we report herein the design, test procedure, and representative results.
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II. EXPERIMENTAL DESIGN
A. Dual-chamber apparatus Figure 1 shows the schematic of the apparatus. It consists of two concentric aluminum ͑alloy 6061, temper T6511͒ cylindrical vessels. The inner vessel ͑82.55 mm ID, 107.95 mm OD, 127 mm length͒ is initially filled with the combustible premixture under testing, and the outer chamber ͑273.05 mm ID, 323.85 mm OD, and 304.8 mm length͒ is initially filled with an inert gas, e.g., nitrogen/helium, at the same pressure. For optical access, a pair of quartz windows ͑101.6 mm л, 6.35 mm thick͒ comprises the two circular ends of the inner vessel, and a pair of quartz windows ͑114.3 mm л, 25.4 mm thick͒ is mounted within the two end flanges ͑393.7 mm л, 38.1 mm thick͒ of the outer chamber. Eight carbon-steel threaded rods ͑19.05 mm л͒ connect the aluminum end flanges, holding the pressure within. The apparatus has been hydrostatically tested to an operating pressure of 95 atm. A 1300 psi check valve ensures safety.
The lateral walls of the inner vessel and an encasing cylindrical sleeve ͑107.95 mm ID, 114.3 mm OD, 127 mm length͒ contain matching rows of holes, which when offset, seal via O rings the inner vessel from the surrounding outer chamber ͑Fig. 1͒. In synchronization with ignition, the encasing sleeve of the inner vessel is mechanically translated, in a piston-like manner, such that the rows of holes between the inner vessel and its encasing sleeve align, establishing continuity between the inner and outer vessels. There are eight circumferential rows of 54 holes ͑3.6 mm л͒ totaling 432 holes, affording minimal pressure drop between the two vessels. Since the volume ratio of the outer to inner vessel is about 25:1, the total pressure increase in the entire system due to combustion within the inner vessel is small, measured to be less than 3%, hence, allowing near-constant-pressure experimentation and ensuring operational safety.
The plumbing diagram of the apparatus, involving gas delivery, pressure measurement, mixing, venting, and evacuation, is shown in Fig. 2 . Further details are provided in the following sections. One important design aspect of the apparatus is the use of nonrotating stem valves for all piping connections leading to the inner vessel filled with the combustible. It was noticed that the ball valves, in the process of being opened/closed, could ignite the premixture especially at high pressures, presumably due to frictional heating between the metal ball element and the Teflon valve seat.
During the filling process, a digital pressure gauge ͑Ce-Comp DPG1000DR͒ monitors the pressure in either the inner or outer vessel, and a differential pressure transducer ͑SenSym 19U050G4͒ monitors the pressure difference between the two vessels. The magnitude of the pressure difference between the inner and outer vessels must be limited to 10 psi in order to prevent breaking of the quartz windows enclosing the inner vessel. Pressure relief check valves connect the two vessels in both directions to prevent over/ underpressuring the inner windows, as shown in Fig. 2 . By using one pressure gauge and the differential pressure transducer, the pressure in both chambers can be ''equalized'' during filling.
After filling, the reactants within the inner vessel are thoroughly mixed by jet stirring through a dual-port injection and suction technique powered by a two-way, piston-driven FIG. 1. Schematic of the dual-chamber apparatus. The two inner chambers in the figure represent when the holes on the inner vessel and encasing sleeve are off set ͑left͒, and when the holes are aligned ͑right͒. As can be seen, the mechanical lever, which translates the encasing sleeve, also triggers the spark and high-speed camera. pump ͑Fig. 2͒. Turbulent mixing takes place inside the inner chamber, where suction and discharge jets ͑ϳ30 mL/s͒ alternate between the inlet ports ͑4 mm ID͒. Sufficient mixing is qualitatively assessed by schlieren imaging, as the density gradients in the jet reduce as the components become better mixed, and quantitatively assessed by gas chromatograph ͑GC͒ sampling. A K-type thermocouple measures the temperature of the initial combustible mixture prior to ignition.
B. Ignition
Ignition energy is deposited by a spark at the center of the inner vessel via electrodes extending from opposite locations on the lateral surface. One electrode is fixed while the other can be moved with a micrometer, providing an adjustable gap to within 10 m. The tips of the electrodes are fine tungsten wires, having a diameter of 250 m and a free length of 25 mm. Spark energy is supplied by a combination of a high-voltage capacitive discharge into an ignition coil ͑20 kV͒, to break down the gap, and a constant high-voltage dc power supply ͑3 kV͒, to sustain the spark, producing approximately square voltage and current profiles. The duration of the spark is adjustable ͑5 s-1 ms͒ via a timing circuit in tandem with a floating-ground power metal-oxidesemiconductor field-effect transistor, controlling the delivery of current from the high-voltage power supply. Voltage and current from the ignition pulse are recorded onto a 200 MHz digital oscilloscope to evaluate the amount of energy deposited. Spark energies were adjusted to be close to the minimum ignition energies ͑0.5-20 mJ͒, in order to minimize effects of initial flame acceleration by excessive spark energies. The gap distance is usually set from 0.3 to 1.0 mm, depending on the working pressure. Note that the plumbing for the electrodes can be replaced with small windows to allow for laser ignition.
C. Optical diagnostics
Measurements involve observing the flames using schlieren/shadowgraph motion picture photography. For compactness ͑for eventual microgravity experimentation͒, an axially transmissive schlieren/shadowgraph configuration is utilized. In the system, a 100 W mercury short-arc lamp is focused by a 50 mm camera lens to an image of 0.5 mm, which is spatially filtered by a 100 m pinhole. A 250 mm achromatic lens ͑76.2 mm л͒ collimates the light, which passes through the apparatus through the quartz windows. A 250 mm achromatic lens ͑76.2 mm л͒ then focuses the collimated light onto a horizontal, adjustable knife edge. With a 50 mm camera lens, the schlieren image is recorded by a high-speed digital camera ͑Phantom V7.0͒ from 1000 to 100 000 fps with exposure times from 1 to 10 s, adjusted to maximize image brightness and sharpness. Shadowgraph images are taken by removing the knife edge and defocusing the camera lens in front of the high-speed camera so that the image no longer corresponds to the confocal plane. The schlieren system is also tuned for a given pressure to compensate for the slight lensing effect from the outer quartz windows due to pressure-induced curvature.
D. Pressure history
A 0-1000 psia pressure transducer with a 0.1 ms response time ͑SenSym 13U1000AM͒ measures the absolute pressure within the chamber during the combustion event. A 200 MHz digital oscilloscope records the pressure history.
III. OPERATIONAL PROCEDURE

A. Filling
Filling of the chamber is done with the inner and outer vessels sealed from each other such that there is no continuity of the gases. Note that the two chambers are filled concurrently in order to prevent rupture of the inner vessel or breaking of the inner windows, as mentioned in the foregoing discussions. Additionally, the vessels are filled very slowly to minimize entropic heating of the gases, which affect the pressure reading.
The reactant mixtures are prepared within the inner vessel by adding individual component gases ͑e.g., hydrogen, oxygen, nitrogen, and helium͒ using the partial pressure method. The molar fraction of each component is calculated for a given equivalence ratio, and its partial pressure can be established for the given total pressure of the experiment. Since oxidizer is used to vent the chamber between experiments, as will be explained later, the oxidizer is the first component to be introduced into the inner chamber ͑but only partially͒. Near atmospheric levels, the component with the highest compressibility factor is introduced in order to minimize composition errors due to real gas compressibility effects at high pressures. The final mixture is brought up to the final pressure with the least compressible component. The use of certified oxidizer mixtures ͑oxygenϩinert͒ assures repeatability in the mixture composition, hence, removing one possible source of error during the filling process. A sample operational procedure is given in Table I ͑see Fig. 2 for ref- erence͒.
Note that a purging procedure is needed whenever the filling process switches from oxidizer to fuel and vice versa. If one needs to switch the gas feed to the inner chamber, NV-1 is closed first when the desired pressure is reached, and then 3BV-1 switches from fuel to oxidizer, and vice versa. The volume trapped between 3BV-1 and NV-1, if not purged, will be introduced into the inner chamber, altering the mixture composition. This is especially significant for a fuel like methane, due to the stoichiometric ratio with the oxidizer. Therefore, the procedure of repeatedly using the vacuum line to purge the trapped gas and filling the volume with the new FIG. 3 . Effect of density differences between the inner and outer chambers: ͑a͒ equal densities, ͑b͒ small magnitude of difference in densities, and ͑c͒ large magnitude of difference in densities. gas ensures that only the selected gas will be delivered to the inner chamber when NV-1 is opened again.
Simultaneously, the outer vessel is filled with inert gases, which will later absorb the pressure release from the inner vessel during combustion. An inert mixture is prepared in the outer vessel with nitrogen ͑high molecular weight͒ and helium ͑low molecular weight͒ in calculated proportions such that the average density of the mixture in the outer vessel is FIG. 4 . Outward flame propagation displaying: ͑a͒ smooth, spherical flames for flame speed extraction; ͑b͒ diffusional-thermal instability; ͑c͒ hydrodynamic instability; and ͑d͒ hydrodynamic wrinkling cascading down to small scales. Note: ␣ϭO 2 / (O 2 ϩN 2 ) . the same as that in the inner vessel. This action is critical in reducing buoyant flow between the two vessels once continuity between them is established. For example, if the density of the mixture in the inner vessel is much less than that in the outer vessel, upon connecting them by aligning the holes, the combustible mixture will rush upward out of the inner vessel, being replaced by inert rushing into it from below from the outer vessel. As such the experiment can be so severely compromised that no combustion is initiated. Figure 3 shows the effect of nonmatching densities.
B. Mixing
After the chambers are charged, the mixing system is activated ͑Fig. 2͒. Experiments show that approximately 10 min duration is necessary to produce homogenous mixtures. Again, homogeneity can be qualitatively inspected via the schlieren images. After mixing, the mixture is allowed to settle in order to enable all fluid motion to dissipate viscously, as well as for the temperature to equilibrate to that of the surroundings. The final mixture within the inner chamber is systematically sampled by GC and analyzed for certification.
C. Combustion
To initiate combustion, the inner vessel's encasing sleeve is then translated through a lever action, establishing continuity between the vessels ͑Fig. 1͒. The same lever action triggers the high-speed camera as well as the spark, and the quiescent combustible mixture is ignited. Flame propagation is terminated when the flame reaches the walls of the inner vessel, with the total pressure buildup attenuated due to the large outer-vessel volume. As such, near-constant-pressure combustion takes place.
D. Postexperiment
After the experiment, the chamber is vented of the highpressure gas, and a vacuum pump removes all combustion products and inert gases from the apparatus. To ensure minimum contamination, the vessels are then partially filled with the oxidizer mixture up to 1.0 psia, and then repurged by vacuum. As such, any residual gas would be largely oxidizer, which is the first component to be introduced into the inner vessel for the next experiment. Figure 4͑a͒ shows a characteristically smooth, spherically symmetric, outwardly propagating flame from which flame speed data can be extracted. As a benchmark for the reliability of the apparatus and its experimental results, stretch-corrected laminar burning velocities s u 0 as a function of equivalence ratio for hydrogen-air mixtures at standard temperature and pressure ͑STP͒ were extracted and compared with numerical simulation, and with the stretchcorrected results from Taylor and co-workers 6, 7 and Faeth and co-workers. 12 The extracted flame speeds are given in Ref. 15 , agree within experimental uncertainties, and are repeatable.
IV. RESULTS AND DISCUSSION
At high pressures, there is a propensity of cell formation over the flame surface due to hydrodynamic and thermaldiffusive instabilities, even despite the stabilizing effects of positive flame stretch. This is because at high pressures, the flame thickness decreases, promoting both the thermaldiffusive and hydrodynamic instabilities. Figure 4͑b͒ shows an outwardly propagating (LeϽ1) flame at 10 atm displaying the diffusional-thermal instability, characterized by thermal-diffusive cells of the dimension of the flame thickness. Figure 4͑c͒ shows an outwardly propagating, diffusional-thermally stable (LeϾ1) flame at 10 atm displaying the hydrodynamic instability, acting at all wavelengths. Such flame ''cracks'' are expected to appear initially in large dimensions, as shown in Fig. 4͑c͒ , being triggered by system-based perturbations, and cascade down to smaller cells until they reach a size similar to that of the thermaldiffusive cells when they are stabilized by the curvature, as seen in Fig. 4͑d͒ at 60 atm.
Nonetheless, through manipulation of the transport properties, inherent instabilities can be either mostly suppressed or delayed. As a result, stretch-free laminar flame speeds have been determined up to 20 atm for hydrogen 15 and 60 atm for methane, 16 and are compared with the calculated values allowing for detailed chemistry and transport.
The device is also well suited for examining critical flame phenomena ͑e.g., extinction, flame balls, cool flames͒ at high pressures. However, buoyancy distorts the flame shape, especially for weakly propagating, near-limit flames, as seen in Fig. 5 . Since buoyant forces increase with increasing pressure, microgravity facilities become requisite to maintain spherical symmetry when the characteristic time for flame propagation is of the order of that for buoyant convection. The optically accessible high-pressure combustion apparatus allows one to measure the burning and flammability properties of combustible mixtures of single and multiphases. The novel design allows for the safe testing of combustible mixtures at high pressures, at which data for most practical fuels are needed but have not been tested. These data are acquired at the scientific/engineering level of rigor, permitting one to obtain fundamental understanding of flame propagation, extinction, flammability, and stability, and to compile comprehensive reaction mechanisms for practical fuels presently utilized in power generation and propulsion systems at high pressures. In addition, our technique goes much farther beyond the measurement of laminar flame speeds; it offers the means for in-depth study of other interesting combustion phenomena, such as ignition, flame instability, self-turbulization, and even deflagration-to-detonation transition, under high pressures.
